Individuals born preterm and at very low birth weight (birth weight ≤ 1500 g) are at an increased risk of perinatal brain injury and neurodevelopmental deficits over the long term. This study examined whether this clinical group has more problems with visual-motor integration, motor coordination, and visual perception compared to term-born controls, and related these findings to cortical surface area and thickness and white matter fractional anisotropy. Forty-seven preterm-born very low birth weight individuals and 56 term-born controls were examined at 18-22 years of age with a combined cognitive, morphometric MRI, and diffusion tensor imaging evaluation in Trondheim, Norway. Visual-motor skills were evaluated with the Beery-Buktenica Developmental Test of Visual-Motor Integration-V (VMI) copying test and its supplemental tests of motor coordination and visual perception. 3D T 1 -weighted MPRAGE images and diffusion tensor imaging were done at 1.5 T. Cortical reconstruction generated in FreeSurfer and voxelwise maps of fractional anisotropy calculated with Tract-Based Spatial Statistics were used to explore the relationship between MRI findings and cognitive results. Very low birth weight individuals had significantly lower scores on the copying and motor coordination tests compared with controls. In the very low birth weight group, VMI scores showed significant positive relationships with cortical surface area in widespread regions, with reductions of the superior temporal gyrus, insula, and medial occipital lobe in conjunction with the posterior ventral temporal lobe. Visual perception scores also showed positive relationships with cortical thickness in the very low birth weight group, primarily in the lateral occipito-temporoparietal junction, the superior temporal gyrus, insula, and superior parietal regions. In the very low birth weight group, visual-motor performance correlated positively with fractional anisotropy especially in the corpus callosum, inferior fronto-occipital fasciculus bilaterally, and anterior thalamic radiation bilaterally, driven primarily by an increase in radial diffusivity. VMI scores did not demonstrate a significant relationship to cortical surface area, cortical thickness, or diffusion measures in the control group. Our results indicate that visual-motor integration problems persist into adulthood for very low birth weight individuals, which may be due to structural alterations in several specific gray-white matter networks. Visual-motor deficits appear related to reduced surface area of motor and visual cortices and disturbed connectivity in long association tracts containing visual and motor information. We conjecture that these outcomes may be due to perinatal brain injury or aberrant cortical development secondary to injury or due to very preterm birth.
Introduction
Though their survival rates have risen greatly in recent decades, individuals born preterm with very low birth weight (VLBW: birth weight ≤ 1500 g) are at an increased risk of perinatal brain injury, including focal and diffuse periventricular leukomalacia (Volpe, 2001) , and neurodevelopmental deficits over the long term (Aarnoudse-Moens et al., 2009) . While the behavioral and cognitive outcomes of preterm birth and VLBW have been well-documented, the patterns of neurodevelopmental changes in both gray and white matter underlying visual-motor performance in young adulthood remain an open question.
Periventricular leukomalacia is strongly associated with motor problems, such as cerebral palsy, cognitive deficits, and perceptual impairments, and periventricular deep white matter damage can affect projection fibers, such as the corticospinal tract, and association fibers including the long association tracts and the optic radiations (Staudt et al., 2003; Krageloh-Mann et al., 1999; van den Hout et al., 2004; Platt et al., 2007; Sullivan and Margaret, 2003; Evensen et al., 2004; Davis et al., 2005; Hard et al., 2000; McGrath and Sullivan, 2002) . Visual-motor function includes multiple components: visual perception, eye-hand coordination, fine motor skills and speed, and visual-motor integration (Aylward, 2005) . Thus, assessment of visual-motor function is complex, and poor visual-motor performance may reflect deficits associated with one of these components alone or a combination. The latter has been reported for preterm-born children (Evensen et al., 2009 ). Poorer visual function, including reduced visual acuity and visualmotor problems, has been reported to be more prevalent among VLBW children and adolescents (Lindqvist et al., 2007 (Lindqvist et al., , 2008 Hellgren et al., 2007; Goyen et al., 1998) . Moreover, preterm-born children are at risk for developing motor function deficits and have demonstrated significantly higher rates of motor impairment compared to controls (Spittle et al., 2011; Williams et al., 2010) .
Morphometric magnetic resonance imaging (MRI) and diffusion tensor imaging (DTI) sequences are sensitive to distinct but complementary layers of structural organization, and by combining them it is possible to paint a more detailed picture of brain development (Dubois et al., 2014) . Cortical surface area and thickness analyses are seen as increasingly important datapoints in clinical MR research for characterizing gray matter (Panizzon et al., 2009) . By contrast, DTI makes possible the study of microstructural changes and white matter connectivity and is one of few approaches available today to trace white matter connectivity in vivo non-invasively in the human brain (Le Bihan and Johansen-Berg, 2012) . Brownian motion of water molecules in the brain is hindered by cell membranes, and diffusion MRI can indicate the axial and radial diffusivity of water along white matter fiber bundles (Johansen-Berg and Behrens, 2009; Vasung et al., 2013) .
Morphometric MRI techniques have yielded insights about gray matter alterations related to preterm birth , and likewise DTI has demonstrated microstructural differences in the brains of VLBW and term-born children and the persistence of these effects through childhood and into early and late adolescence (Ment et al., 2009; Mento and Bisiacchi, 2012; Skranes et al., 2007; Eikenes et al., 2011) . In a recent study, Kim et al. (2014) combined graph theory analysis and DTI tractography and reported that longer gestational periods in typically developing children enhanced efficiency of both local and global structural brain networks. However, little neuroimaging research employing both morphometric and DTI data in the pretermborn population has focused on on visual-motor function (Tao and Neil, 2014) .
MRI research has identified sequelae of preterm birth and VLBW, ranging from reductions in white matter, gray matter, and overall brain volume in childhood and adolescence Giménez et al., 2004 ) to brain correlates of behavioral problems, such as inattention and hyperactivity in childhood (Bora et al., 2014 ) and socialization problems in adolescence (Healy et al., 2013) . Diverse cortical and subcortical structures have been implicated in patterns of altered brain development following preterm birth. Previous longterm follow-up studies comparing VLBW and term-born individuals have demonstrated alterations in gray matter structure, including reductions in cortical surface area in ventrolateral prefrontal, temporal and parietal regions in VLBW individuals by age 19 , differential patterns of cortical thickness between VLBW and controls by early adulthood (Bjuland et al., 2013) , and regions of increased and decreased structural covariance between the groups by adolescence (Nosarti et al., 2011) .
White matter studies with VLBW individuals have identified reduced posterior corpus callosum surface area (Nosarti et al., 2004) , lower FA in bilateral uncinate fasciculi (Mullen et al., 2011) , external capsules, corpus callosum splenium (Constable et al., 2008; Vangberg et al., 2006; Eikenes et al., 2011) , and other intrahemispheric association fibers. A smaller subset of these have begun to identify associations between specific white matter tract alterations and diverse cognitive functions, such as language processing (Reidy et al., 2013; Mullen et al., 2011) , IQ (Iwata et al., 2012) , and perceptual and motor functions (Skranes et al., 2007; Chau et al., 2013) .
Previous reports on this cohort Skranes et al., 2007 Skranes et al., , 2013 Bjuland et al., 2013 Bjuland et al., , 2014 Lindqvist et al., 2011; Vangberg et al., 2006) have documented alterations in gray and white matter structures in VLBW individuals. The current study expands on these by investigating MRI data in the context of visual-motor integration at entry to adulthood and assessing specific cortical regions and white matter structures that may be sensitive to VLBW.
Aim
This study assesses visual-motor function in the context of brain development by combining cognitive assessment with structural MRI and DTI. The first aim of this study was to evaluate visual-motor abilities for copying figures, fine motor tasks, and visual perception in young adults born with VLBW compared to age-equivalent term-born controls. The second aim was to relate visual-motor and visual-perceptual abilities in the VLBW group to morphometric and DTI findings. Our hypothesis was that the VLBW adults would achieve lower scores than controls on these visual-motor tests and demonstrate corresponding gray and white matter alterations.
Methods

Study design
This study is part of a hospital-based prospective follow-up study of three year cohorts of children. A total of 121 VLBW infants were admitted to the neonatal intensive care unit (NICU) at the university hospital in Trondheim, Norway, between 1986 and 1988. The control infants were born to mothers living in the Trondheim area and were enrolled in a multi-center study before week 20 of pregnancy, between January 1986 and March 1988. All the births in a 10% random sample of mothers (paras 1 and 2) were included for follow-up during pregnancy. Neuroimaging and cognitive data collection for the present study was carried out between January 2007 and December 2008.
Study population VLBW group
Of the 121 VLBW infants admitted to the NICU, 33 died, and nine had moved before follow-up. One child with Down's syndrome and two children with severe cerebral palsy were excluded from follow-up due to inability to perform the tests. Of the remaining 76, 54 (71%) participated in follow-up evaluation at age 18-22, and 47 (61%), including 3 individuals with mild bilateral spastic cerebral palsy, had successful cognitive assessments and MRI acquisitions. Twelve of the VLBW participants were twins.
Control group
The control group comprised 120 infants from the 10% random sample born at term, with birth weight ≥ 10th percentile for gestational age. At age 18-22, 10 had moved and two were excluded due to congenital malformations. Of the remaining 108, 81 (75%) participated at the follow-up, and 66 were examined with MRI. Seven DTI scans were excluded due to image artifacts, leaving 59 with successful DTI scans. Three of these did not have VMI assessment or had a poor morphometric MRI, leaving 56 (52%) who were successfully evaluated with cognitive testing, morphometric MR, and DTI.
MRI acquisition
MRI data were acquired on a 1.5 T Siemens Magnetom Symphony (Siemens, Erlangen, Germany) with Quantum gradients (30 mT/m) and a quadrature head coil. A structural T 1 -weighted magnetization prepared rapid acquisition gradient echo (MPRAGE) sequence was acquired with TR = 7.1 ms, TE = 3.45 ms, TI = 1000 ms, flip angle 7°, FOV 256 × 256, slab thickness 170 mm, and acquisition matrix 256 × 192 × 128, reconstructed to 256 × 256 × 128, giving a reconstructed voxel resolution of 1 × 1 × 1.33 mm. The DTI sequence was a single-shot balanced-echo EPI sequence acquired in 12 non-collinear directions with b = 1000 s/mm 2 using the following parameters: TR = 10,400 ms, TE = 100 ms, FOV 280 × 280 mm, slice thickness 2.2 mm, and acquisition matrix 128 × 128, giving isotropic voxels of 2.2 mm. Fifty-five transversal slices with no gap were acquired, giving full brain coverage. The slices were obtained parallel to the anterior/posterior commissural line. For each slice, two images without diffusion weighting (b = 0), and 12 images with diffusion gradients were acquired. The DTI sequence was repeated six times for an increased signal-to-noise ratio.
Morphometric image analysis
The MPRAGE images were reviewed for image quality, and low quality images were excluded. The quality of the FreeSurfer image processing was reviewed by image analyzers blinded to group adherence, in order to check the quality of the cortical reconstruction and apply minimal manual editing in a few cases.
Cortical reconstruction for cortical thickness and surface area measurements was performed with the FreeSurfer 5.1.0 image analysis suite (http://surfer.nmr.mgh.harvard.edu). The technical details of these procedures are described in prior publications (Dale et al., 1999; Dale and Sereno, 1993; Fischl and Dale, 2000; Fischl et al., 1999a Fischl et al., ,b, 2001 Fischl et al., , 2002 Fischl et al., , 2004a Han et al., 2006; Jovicich et al., 2006; Ségonne et al., 2004) . Briefly, this processing includes motion correction and averaging (Reuter et al., 2010) of multiple volumetric T 1 -weighted images, removal of non-brain tissue using a hybrid watershed/surface deformation procedure (Ségonne et al., 2004) , automated Talairach transformation, intensity normalization (Sled et al., 1998) , tessellation of the gray and white matter boundary, automated topology correction (Fischl et al., 2001; Ségonne et al., 2007) , and surface deformation following intensity gradients to optimally place the gray/white and gray/ cerebrospinal fluid (CSF) borders at the location where the greatest shift in intensity defines the transition to the other tissue class (Dale et al., 1999; Dale and Sereno, 1993; Fischl and Dale, 2000) . Once the cortical models are complete, a number of deformable procedures can be performed for further data processing and analysis including surface inflation (Fischl et al., 1999a) , registration to a spherical atlas which is based on individual cortical folding patterns to match cortical geometry across individuals (Fischl et al., 1999b) , parcellation of the cerebral cortex into units with respect to gyral and sulcal structure (Desikan et al., 2006; Fischl et al., 2004b) , and creation of a variety of surface-based data. This method uses both intensity and continuity information from the entire three-dimensional MR volume in segmentation and deformation procedures to produce representations of cortical thickness, calculated as the closest distance from the gray/white boundary to the gray/ CSF boundary at each vertex on the tessellated surface (Fischl and Dale, 2000) . The maps are created using spatial intensity gradients across tissue classes and are therefore not simply reliant on absolute signal intensity.
The two cerebral hemispheres were processed separately. The surfaces were smoothed with a full-width-half-maximum Gaussian kernel of 30 mm (662 iterations) and averaged across participants. Each surface consisted of 163,842 vertices arranged in a triangular grid, and estimates of cortical area were obtained by computing the area of each triangle in the standardized, spherical atlas space surface tessellation when mapped into the individual subject space. Vertexwise estimates of relative areal expansion for each individual in atlas space were then computed by assigning one-third of the area of each triangle to each of its vertices (Rimol et al., 2012) . The cortical surface for each individual was automatically parcellated using defined gyri and sulci as landmarks, and the surface was divided into 34 anatomical regions for each brain hemisphere defined in FreeSurfer (Fischl et al., 2004b; Desikan et al., 2006) , which were used to anatomically identify affected regions after significance testing.
Morphometry statistical analysis
All statistical analyses of morphometry data were performed within the MATLAB software suite 2011b (MATLAB and Statistics Toolbox Release 2011b. The MathWorks, Inc., Natick, Massachusetts, US). A general linear model was fitted in each of the 163,842 vertices per cerebral hemisphere, with cortical surface area or cortical thickness as dependent variable, and adjusted for sex and age at MRI, with one of the VMI tests (copying, motor, or visual) as continuous predictor. The appropriate contrast vectors were set to test for a relationship between performance on each of the VMI tests and cortical morphology. The hemispheres were analyzed separately, and effect size and p-maps were generated. Effect size was obtained as explained variance (r 2 = (F / (f + df))). To correct for multiple comparisons, the two p-maps from left and right hemisphere were combined and thresholded to yield an expected false discovery rate (FDR) of 5% across both hemispheres.
DTI analysis
DTI analysis was performed with the FMRIB software library (FSL, Oxford Centre for Functional MRI of the Brain, Oxford, UK; www. fmrib.ox.ac.uk/fsl). All DTI acquisitions were registered to the b = 0 image using affine registration in order to minimize image artifacts caused by motion and eddy current distortions. FMRIB's Diffusion Toolbox was used to fit a diffusion tensor model to the raw diffusion data in each voxel (Basser and Pierpaoli, 1996) and create voxelwise maps of the eigenvalues (λ 1 , λ 2 , and λ 3 ), FA, and mean diffusivity (MD) for both the VLBW and control groups.
FSL's Tract-Based Spatial Statistics (TBSS) (Smith et al., 2006 ) was used for voxel-based analysis of the DTI data. Randomise was used to study the relationship between the skeletonized FA, MD, and eigenvalues (λ 1 , λ 2 , and λ 3 ) and scores on the three VMI tests (copying, motor, and visual) in the VLBW and control groups separately. Randomise performs nonparametric permutation tests with a correction for multiple comparisons, here corrected for sex and age at MRI (p b 0.05) (Nichols and Holmes, 2002) . Anatomical locations were identified using the Johns Hopkins University International Consortium of Brain Mapping-DTI-81 White-Matter Labels and Johns Hopkins University White-Matter Tractography atlases within FSL (Wakana et al., 2007; Hua et al., 2008) and human white matter atlases by Oishi et al. (2011) and Mori et al. (2005) .
Visual-motor integration evaluation
Visual-motor integration was assessed with the Beery-Buktenica Developmental Test of Visual-Motor Integration-V (VMI) and its two supplemental tests. VMI is a widely used standardized test that requires both motor and perceptual skills (Beery et al., 2004) . In the copying test (hereafter referred to as "copying"), the participant is instructed to copy 30 geometric designs in increasing order of difficulty without a time limit. The designs are scored according to the VMI manual based on accuracy and quality standards. If the participant fails to copy three consecutive designs, the test may be stopped. The first supplemental test, visual perception ("visual"), requires the participant to match visual shapes within a 3-minute time limit. Total number of correctly matched designs is the raw score. The second supplemental test, motor coordination ("motor"), requires the participant to trace the designs with a pencil without leaving the double-lined paths in which the designs are presented, within 5 min. For the supplemental tests, the participants are allowed to continue throughout the time allotted, regardless of failed tasks. Thirty points is the maximum raw score for each of the three tests.
Cognitive data analysis
The software package IBM SPSS 21 (Chicago, USA) was used for statistical analysis of the cognitive data. Differences between groups in age at exam, socioeconomic status, and maternal age at childbirth were investigated with t-tests, and effect of twin status on VMI scores was assessed with univariate ANOVA. A general linear model with age at MRI, sex, and socioeconomic status as covariates was used for analysis of the three VMI tests. Demographic and clinical data are presented in Table 1 .
Socioeconomic status
Socioeconomic status was calculated using Hollingshead's two factor index of social position based on education and occupation of one parent or the mean index of both parents (Hollingshead, 1957) .
Ethics
Written, informed consent was obtained from the participating young adults, and the Data Inspectorate assigned the license for keeping a data register with personal information. The Regional Committee for Medical Research Ethics approved the study protocol (project number: 4.2005.2605).
Results
Group characteristics
Demographic and clinical characteristics of the study groups are shown in Table 1 . Birth weight and gestational age were selection criteria for the two groups. In the VLBW group, mean birth weight was 1221 g and mean gestational age was 29.3 weeks. There was no difference in age at exam (p = 0.90), socioeconomic status (p = 0.12), or maternal age at childbirth (p = 0.08) between the groups.
Cognitive test results and group differences
The VLBW group had lower scores than controls on the copying and motor tests but not on the visual test after adjusting for age, sex, and socioeconomic status. Raw scores for the three VMI tests are presented with age, sex, and socioeconomic status as covariates in a general linear model in Table 2 . The univariate ANOVA yielded no significant effect of twin status on VMI scores.
Structural MRI Cortical surface area
In the VLBW group, there were widespread cortical regions in both hemispheres showing a significant relationship between each of the three VMI tests and cortical surface area. Table 3 lists all regions with significant findings in the VLBW group as determined by the general linear model (after FDR correction), with several regions significant across the VMI tests (Fig. 1) . The explained variance reached 35-40% in several highly correlated regions (yellow in Fig. 2 ) and was as high as 48% in the right lingual and lateral occipital gyri for the copying test. Explained variance values were as low as 10% in the least correlated regions that survived significance testing. There were no significant findings in the control group.
Cortical thickness
In the VLBW group, the general linear model identified regions with a significant relationship between cortical thickness and visual test scores but not the other two VMI tests (Fig. 3) . The findings were mainly in the lateral occipito-temporo-parietal junction, the superior temporal gyrus and insula (extending into inferior frontal gyrus), as well as superior parietal regions including superior parietal gyrus and postcentral gyrus. There were fewer findings on the medial side, in particular some in the left precuneus, cuneus, and medial occipital gyrus. There were no significant findings in the control group.
Group differences
There were significant differences in cortical surface area between the VLBW group and the control group. The VLBW group showed reduced cortical surface area primarily in frontal, temporal, and parietal lobes. Cortical thinning was observed in the left parietal and temporal lobes and cortical thickening in frontal regions bilaterally; however there was no significant difference in mean global cortical thickness between groups. These group differences have previously been reported by our group Bjuland et al., 2013) and are therefore not presented here.
DTI findings
Fractional anisotropy in VLBW group
In the VLBW group, all three visual-motor test scores correlated positively with FA (p b 0.05; red voxels in Fig. 4 ). DTI analysis demonstrated ) for the association between test scores on the three VMI tests and cortical surface area in the VLBW sample, with suprathreshold regions outlined in yellow. Suprathreshold regions are cortical regions that survived the significance test and a subsequent 5% FDR correction. The significance tests and the effect size estimates (r 2 ) are based on fitting GLMs with cortical surface area as dependent variable, sex as categorical predictor, and age at MRI scan and one of the VMI test scores as continuous predictor. Contrast vectors were set to test for a relationship between performance on each of the VMI tests (copying, motor, visual) and cortical surface area. The p-maps were thresholded and multiple comparisons were corrected for with a 5% FDR that was applied co-jointly across the hemispheres. To create a map illustrating both effect sizes as well as which regions contain statistically significant findings, a label was created in FreeSurfer containing vertices that survived the significance test (including FDR). This label was subsequently overlaid on the effect size map. Abbreviations: FDR, false discovery rate; GLM, general linear model; VLBW, very low birth weight; VMI, Beery-Buktenica Developmental Test of Visual-Motor Integration-V. ) for the association between test scores on the VMI visual test and cortical thickness in the VLBW sample (top row), with suprathreshold regions outlined in yellow (bottom row). The maps were produced from GLMs with cortical thickness as dependent variable at each location (vertex) across the surface, and visual test scores as independent variable, covarying for age and sex. To create a map illustrating both effect sizes as well as which regions contain statistically significant findings, a label was created in FreeSurfer containing vertices that survived the significance test (including FDR). This label was subsequently overlaid on the effect size map, as shown in the bottom row. Abbreviations: FDR, false discovery rate; GLM, general linear model; VLBW, very low birth weight; VMI, Beery-Buktenica Developmental Test of Visual-Motor Integration-V. significant positive correlations between FA and copying scores in the corpus callosum (extending rostrally in the right hemisphere), optic radiation, bilateral inferior longitudinal fasciculus, bilateral inferior fronto-occipital fasciculus (more strongly in the right hemisphere), bilateral uncinate fasciculus, bilateral external capsules, and to some extent bilaterally in the anterior thalamic radiation, as well as in the left superior longitudinal fasciculus and right internal capsule. For the motor test, reduced scores correlated with FA reductions in corpus callosum, bilateral inferior longitudinal fasciculus (more strongly in the right hemisphere), bilateral inferior fronto-occipital fasciculus (more strongly in the right hemisphere), bilateral uncinate fasciculus, and bilateral external capsules, as well as left superior longitudinal fasiculus, right internal capsule, and somewhat in the right anterior thalamic radiation and to lesser extent in the left anterior thalamic radiation. For the visual perception test, correlation between FA and score was less widespread compared to the other two tests and were mainly found in the corpus callosum, particularly in the body, and bilaterally in the posterior inferior fronto-occipital fasciculus and the anterior thalamic radiation.
Mean diffusivity and eigenvalue analysis in the VLBW group
In the VLBW group, MD was negatively correlated to all visualmotor test scores in white matter structures similar to but less widespread than the FA findings. Separating the three eigenvalues, the radial diffusivities λ 2 and λ 3 reflecting radial diffusivity showed negative correlations to scores in all three visual-motor test scores. The axial diffusivity λ 1 indicated a negative correlation in very few white matter structures in relation to copying scores, but none with the motor or visual tests.
Findings in control group
FA, MD, and λ 1 , λ 2 , and λ 3 eigenvalues did not demonstrate significant correlations with any of the visual-motor test scores in the control group (data not shown). In a previous report on a subset of the same study population, Eikenes et al. (2011) showed group differences between preterm-born VLBW young adults and controls, examining relationships between DTI parameters, cognitive performance, and perinatal clinical data.
Discussion
In our VLBW young adult group, poorer visual-motor integration performance was related to thinner cortex in several regions, reduced cortical surface area in all four cerebral lobes, including regions important for visual association and motor function, and reduced FA in several association tracts. We have thus identified gray and white matter structures that appear to be sensitive to perinatal injury and visual-motor integration. These structural alterations related to perceptual and motor coordination deficits persist even at entry to adulthood and underscore the importance of these gray and white matter structures for normal visual-motor functioning in the VLBW population.
VLBW individuals performed significantly worse on the VMI copying and motor tests than the control group, and their scores on all three VMI tests had significant relationships to surface area in widespread cortical regions, with the superior temporal gyrus, the insula, and the medial occipital lobe in conjunction with the posterior ventral temporal lobe (lingual gyrus and fusiform gyrus to a lesser extent) being the most consistently significant regions across the three VMI tests. FA in the corpus callosum, bilateral inferior fronto-occipital fasciculus, and bilateral anterior thalamic radiation correlated positively to scores on all three VMI tests, and radial diffusivities λ 2 and λ 3 showed negative correlations to all three test scores in the VLBW group. There were no significant relationships between VMI test scores and cortical morphometry or DTI in the control group.
Cortical surface area and thickness
Morphometric analyses on cortical surface area and thickness identified several cortical regions that showed significant relationships to visual-motor performance. The regions that showed the highest explained variance were similar across all three tests, including the superior temporal gyrus, insula, and medial occipital lobe in conjunction with the posterior ventral temporal lobe (Fig. 1) . In VLBW individuals, it appears that these regions may experience injury related to preterm birth. Consistent with this, Nosarti et al. (2008) found that gestational age in very preterm adolescents was linearly associated with decreased gray matter bilaterally in portions of the superior temporal gyri and the insula, which has been linked to various cognitive functions, speech, and articulatory control processes (Ackermann and Riecker, 2010) .
Cortical thickness in the VLBW group exhibited a significant relationship to visual scores, and several of the implicated cortical regions are believed to be involved in visual and motor function. Lesion studies have identified a possible role of superior parietal regions in visually guided movements and reaching (Vesia and Crawford, 2012) , while the precuneus has diverse and as yet poorly demarcated functions ranging from visual-spatial imagery and mental representations of the self (Cavanna and Trimble, 2006) to proprioceptive input from the arm during tasks (Vesia and Crawford, 2012) . The three VMI tests, which demand visual-spatial planning and fine motor execution, may therefore be expected to draw upon the functions of these cortical regions.
DTI findings
Lower FA was found to correlate to lower VMI scores in the VLBW group. However, when looking at the eigenvalues, only radial diffusivities were found to correlate negatively with VMI scores, while axial diffusivity was only found to correlate with the copying test in a few structures. This is in line with previous results, in which we demonstrated that the reduced FA in the same VLBW study group was driven primarily by an increase in radial diffusivity .
The corpus callosum was implicated in our analyses for each of the three VMI tests. This major white matter structure is widely reported to be impacted by preterm birth, and studies have demonstrated lower FA in the corpus callosum compared to controls at termequivalent age (Lepomäki et al., 2012) and during adolescence and young adulthood (Nagy et al., 2009; Eikenes et al., 2011) . Groeschel et al. (2014) found higher axial diffusivity in preterm-born adolescents in the corpus callosum body for fibers connecting premotor areas, while Thompson et al. (2012) found higher diffusivity in the splenium at term-equivalent age associated with impaired motor development at two years. Smaller corpus callosum size, especially posteriorly, has been associated with lower VMI copying scores (Rademaker et al., 2004) . We have previously reported significant positive correlation between visual acuity and FA in the splenium and midbody of the corpus callosum in the VLBW group (Lindqvist et al., 2011) .
In the optic radiation, we found a positive correlation between FA and the copying scores in the VLBW group, which expands upon our previous findings of significantly reduced FA and increased MD in optic radiation in VLBW young adults compared to controls . DTI assessments of premature infants have indicated a significant positive correlation between optic radiation fractional anisotropy and visual function (Berman et al., 2009; Bassi et al., 2008) . Thompson et al. (2013) also found higher diffusivity in the optic radiation of very preterm-born children at age seven compared to controls and suggested that optic radiation diffusion values may have a structure-function relationship with visual functions that rely on visual cortex processing.
FA in several major white matter structures, including long-range association tracts, correlated positively to VMI test scores. FA bilaterally in the uncinate fasciculus, a long-range white matter association tract that connects the orbitofrontal cortex to the anterior temporal lobes, correlated positively to scores on the copying and motor tests in the VLBW group. Moreover, FA in the inferior longitudinal fasciculus also correlated positively to copying and motor scores. Ortibus et al. (2012) found lower FA in the inferior longitudinal fasciculus in children with visual perceptual impairment compared to typically developing children and argued that this tract plays a role in object recognition. However, linkages between cognitive function and white matter findings in the inferior longitudinal fasciculus should be interpreted with caution, as it is believed to be involved in wide-ranging capacities including thought disorders, visual emotion, cognitive impairments, and language (Ashtari, 2012; Mandonnet et al., 2007) . In addition, we identified positive correlations between copying and motor scores with FA in the external capsule and left superior longitudinal fasciculus, which along with the uncinate fasciculus have been shown to have lower FA in pretermborn individuals compared with controls Eikenes et al., 2011; Skranes et al., 2007) . Integrity in these white matter structures may therefore be particularly sensitive to persistent white matter disturbances related to preterm birth.
It is difficult to translate DTI measures into specific physiological features (Pandit et al., 2013) . However, it is possible that the reduced FA in these regions in the VLBW group is caused by decreased or aberrant myelination, as evidenced by increased radial diffusion (Cheong et al., 2009; Song et al., 2005) . Nonetheless, white matter imaging may be able to detect structural alterations in motor pathways even where standard MRI does not indicate brain injury in preterm-born infants (Anjari et al., 2007; Hüppi and Dubois, 2006) and adolescents (Groeschel et al., 2014) and is therefore an important clinical neuroimaging tool for the preterm-born population.
Potential relationships between gray and white matter findings in the VLBW group This study raises several important questions about the relationship between gray and white matter development in VLBW individuals through adolescence and into adulthood. Several white matter structures implicated in our DTI analysis connect to cortical regions in which VMI test scores were significantly related to surface area and cortical thickness, including in regions implicated in visual association and motor processing. Thus, by connecting gray and white matter analyses to cognitive data, we have identified putative gray-white matter networks in which structural integrity appears to relate to visual-motor performance in the VLBW population.
Copying and motor scores in the VLBW group correlated to FA in the inferior longitudinal fasciculus, an association pathway whose fibers connect the occipital and anterior temporal lobe and originates from the cuneus, lateral occipital gyrus, and posterior lingual and fusiform gyri (Catani et al., 2003) , cortical regions which showed a high proportion of surface area significantly related to VMI test scores (Table 1) . Long inferior longitudinal fasciculus fibers connect visual association with parahippocampal areas, while its short fibers connect regions related to primary visual processing and visual association including the inferior parietal lobe (Aralasmak et al., 2006) . Both of these cortical targets also showed strong relationships between surface area and test scores in the VLBW cohort.
Scores on all three VMI tests correlated positively to FA in the inferior fronto-occipital fasciculus, a white matter tract important for connecting visual association areas with primary motor frontal eye fields, as well as for relaying elementary visual information (Aralasmak et al., 2006) . The inferior fronto-occipital fasciculus connects the posterior temporal, orbito-frontal, and occipital regions (Ashtari et al., 2012) , and we found large proportions of surface area in occipital regions, especially in the left hemisphere, significantly related to scores on all three visualmotor tests.
Finally, we identified significant DTI correlations in several other major association tracts and white matter structures which have cortical targets important for visual and motor function. The uncinate fasciculus, a major long association tract with FA significantly related to scores on the copying and motor tests in our study, links the frontal and temporal lobes including regions involved in multimodal association and event-related memory (Catani et al., 2002) . The superior longitudinal fasciculus, where FA in the left hemisphere positively correlated with copying and motor scores, is another major association bundle connecting the external surface of the temporoparieto-occipital regions with the frontal lobe and is thought to be related to visuospatial processing and spatial attention (Thiebaut de Schotten et al., 2011) . The internal capsule contains corticofugal motor and thalamocortical sensory projection fibers (Aralasmak et al., 2006) and was in the right hemisphere also positively correlated with copying and motor scores.
We speculate that the structural deviations seen in the VLBW group may be due to perinatal injury and cause reduced scores on these visual-motor tests. It is also possible that the widespread findings for cortical surface area reflect a more general relationship between cognition and aberrant brain development in the VLBW group. These relationships may be stronger in some regions with regard to perceptual functioning but may suggest larger-scale relationships across the cortex.
Cognitive findings and clinical implications
The VLBW group performed significantly worse on the copying and motor tests than term-born individuals, as expected. This finding is consistent with earlier literature concerning preterm birth, although most studies have evaluated school-aged children in contrast to our young adults (Geldof et al., 2012; Davis et al., 2005; Hard et al., 2000; Goyen et al., 1998; Molloy et al., 2014) . Preterm-born individuals have demonstrated worse performance on simple visual-motor tasks and are thought to have a different, rather than merely delayed, developmental trajectory for visual-motor processes compared to controls (Van Braeckel et al., 2010; Narberhaus et al., 2009; Sullivan and Margaret, 2003; Martinussen et al., 2009) .
Visual-motor impairment can have far-reaching consequences, including in the classroom, where motor coordination and fine motor skills are fundamental for everyday tasks. Preterm-born school-aged children have demonstrated worse handwriting performance, including significantly lower legibility and slower speed (Feder et al., 2005) . Recent studies have begun to highlight the role of white matter (Saygin et al., 2013; Aeby et al., 2013) and cortical thickness (Clark et al., 2014) structural alterations as biomarkers of latent developmental problems, such as dyslexia. Our results indicate that diminished motor coordination in the VLBW cohort evident at earlier ages persists even through early adulthood.
By contrast, scores on the visual matching subtest were nearly the same between the groups. In a recent functional MRI study on visualperceptual function, Narberhaus et al. (2009) found that very preterm-born adolescents did not demonstrate performance deficits on a visual-perceptual learning task inside the MRI scanner yet showed different patterns of brain activation compared to controls. It may therefore be possible that preterm VLBW individuals develop compensatory connections to improve visual processing, especially in the absence of a stronger demand on motor function.
Visual-motor integration, motor coordination, and visual-perceptual impairments may have a common etiology in preterm VLBW individuals. Perinatal brain injury that affects posterior deep white matter connectivity may have consequences for both visual and perceptual cortical regions (Skranes et al., 2007) . Preterm-born individuals are at risk for periventricular leukomalacia (Volpe, 2001) , and subsequent damage to the developing sensory, motor, and cognitive pathways may result in modified target regions or tract directions which are different from what is observed in term-born individuals (Tzarouchi et al., 2011) .
Important developmental events unfold during 24 to 40 weeks of gestation and may enhance the fetus's vulnerability to ischemia, inflammation, excitotoxicity, and free-radical attack, and possibly other exogenous insults like drugs and undernutrition (Volpe, 2009; Dobbing, 1974) . Groppo et al. (2014) posit that the developing visual system undergoes significant maturation and vulnerability between 32 weeks of gestation and term-equivalent age. Events during this timeframe may also contribute to visual-motor integration abilities.
Strengths and limitations
A strength of this study is the long-term follow-up of the two study groups, which were recruited at birth and equivalent in terms of maternal age at childbirth and socioeconomic status. The groups have been followed prospectively with comprehensive multidisciplinary clinical, cognitive, and MRI assessments at different ages. Through a drop-out analysis, we found no differences in background characteristics between those who participated and those who chose not to participate in the early adolescence and early adulthood follow-up sessions, which reduces the likelihood that the results were influenced by selection bias. In order to reduce the risk of information bias, the cognitive testing was performed by two trained examiners blinded to group adherence and former medical history.
About 56% of those eligible from the cohort participated at the early adulthood follow-up with a full perceptual assessment and MRI. While this percentage is lower than ideal, it is comparable to other longterm follow-up studies assessing adolescents and young adults, where high drop-out rates are common (Hille et al., 2005) . Cases lost to follow-up are often selective, and mothers with low educational attainment and those with children with serious developmental delays or disabilities are most likely to drop out (Wolke et al., 1995) . If that is the case in our study, this would most likely have led to an underestimation rather than an overestimation of the prevalence of problems reported.
Furthermore, in the control group, we did not find significant relationships between gray and white matter structure and VMI scores, consistent with previous reports from our group. However, a few studies do report significant structure-function relationships in healthy controls (see e.g., Squeglia et al., 2013) , so it is thinkable that such correlations may also exist in term-born children.
Finally, our relatively small number of participants means that we have limited power to detect minor group and sex differences and must therefore interpret non-significant results with caution. Because of the limited sample size, differences in VLBW subgroups based on cut-off values for birth weight, gestational age, and other perinatal variables, were not investigated. Additional details on the reasons behind the VLBW would have been interesting to assess; for instance, whether individuals who experienced fetal growth restriction exhibit differential perinatal injuries or developmental trajectories.
Conclusions
Our results indicate an increased risk of visual-motor integration deficits in early adulthood for individuals born preterm with VLBW. Alterations in white matter tracts containing primary and secondary visual and motor fibers and reduced surface area of visual-perceptual cortical regions, both of which correlated to reduced test scores, may indicate a structure-function relationship that entails both long-lasting effects of early perinatal brain injury and persistent visual-motor perceptual deficits in VLBW individuals who have reached young adulthood.
